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The structural and electronic properties of a series of manganese complexes with terminal oxido ligands are described. The complexes span three different oxidation states at the manganese center (III-V), have similar molecular structures, and contain intramolecular hydrogen-bonding networks surrounding the Mn-oxo unit. Structural studies using X-ray absorption methods indicated that each complex is mononuclear and that oxidation occurs at the manganese centers, which is also supported by electron paramagnetic resonance (EPR) studies. This gives a high-spin Mn V -oxo complex and not a Mn IV -oxy radical as the most oxidized species. In addition, the EPR findings demonstrated that the Fermi contact term could experimentally substantiate the oxidation states at the manganese centers and the covalency in the metal-ligand bonding. Oxygen-17-labeled samples were used to determine spin density within the Mn-oxo unit, with the greatest delocalization occurring within the Mn V -oxo species (0.45 spins on the oxido ligand). The experimental results coupled with density functional theory studies show a large amount of covalency within the Mn-oxo bonds. Finally, these results are examined within the context of possible mechanisms associated with photosynthetic water oxidation; specifically, the possible identity of the proposed high valent Mn-oxo species that is postulated to form during turnover is discussed.
metal-oxo complexes | water oxidation | inorganic chemistry | photosynthesis | oxygen-evolving complex P hotosynthetic water oxidation is an essential chemical reaction that is responsible for producing Earth's aerobic environment. Dioxygen production occurs at the active site of the enzyme photosystem II, referred to as the oxygen-evolving complex (OEC), which contains a unique Mn 4 CaO cluster (1, 2) . Several features of the OEC are known, including an approximate arrangement of the metal ions within the cluster (Fig. 1A ) (3, 4) , its structural flexibility during turnover (5, 6) , and its ability to store oxidizing equivalents via five photo-induced redox states (S i , i = 0-4 and known as the Kok cycle) (7) . Substrate water molecules bind to the cluster and, upon oxidation, are coupled to produce dioxygen and 4 eq of protons. There is agreement that formation of the O-O bond occurs in the highest oxidized state of the Mn 4 CaO 5 cluster (S 4 ), after which the cluster reverts to the most reduced state, S 0 (1) (2) (3) (4) (5) (6) (8) (9) (10) . The transient S 4 state has eluded detection, making it difficult to experimentally probe the structural and physical requirements necessary to promote dioxygen production. Magnetic resonance and density functional theory (DFT) studies of the S 2 and S 3 states have been used to infer that the beginning and ending oxidation states of the Kok cycle are (11) (12) (13) (14) . The location of the Mn V center within the cluster is not certain, yet one possibility is the dangling Mn A4 site, which is coordinated to anionic donors and is surrounded by a network of hydrogen bonds (H bonds) (8) (9) (10) .
The lack of experimental information about the transient S 4 state has further prevented a consensus opinion on how initial O-O bond formation occurs. Quantum chemical studies have provided insight into this process with two limiting mechanisms (11) (12) (13) (14) . In one mechanism, a Ca II -OH (or -OH 2 ) unit serves as a nucleophile and attacks an electrophilic Mn-oxo center within the cluster (8-10, 14, 15) . The dangling Mn A4 -oxo center (Fig. 1B) or the μ 3 -oxo ligand (O5) that bridges between two of the Mn centers and the Ca II ion are possible electrophilic centers for attack. In a second mechanism, a radical process is proposed in which an oxyl radical coupling occurs between O5 and some other oxido ligand that is bonded to the cluster, possibly at Mn D1 (Fig. 1C) (11, 12) . Central to both of these mechanisms is that forming an O-O bond involves a high valent Mn center with a terminal oxido ligand (Mn-oxo), which most computational reports suggest is a Mn IV -oxyl radical (Mn IV -O • ) rather than the isoelectronic Mn V -oxo species (11) (12) (13) (14) . However, there is currently no experimental precedent for an oxyl species in a complex containing a first-row transition metal ion. − (∼10%) was present in the sample that was determined by EPR spectroscopythis amount was subtracted from the spectrum prior to analysis.] In addition, a significant increase in the intensity of the preedge peak was observed upon oxidation to [Mn (Table 1 and Table  S2 ). The EXAFS data for [Mn m complex adopted a monomeric five-coordinated structure with metrical parameters that agreed ; red spheres, oxido/ hydroxo ligands; blue sphere, nitrogen; white spheres, water), the nucleophilic mechanism for O-O bond formation (B), the radical coupling mechanism for O-O bond formation (C), and the Mn-oxo complexes used in this study (D). The structure in A is adapted from Protein Data Bank ID 3BZ1. , single occupation of one of these E levels causes a Jahn-Teller distortion that leads to different values for the three N urea -Mn-N urea′ angles (Table S3) . Our computational results also agree with those reported recently using time-dependent density functional theory (TD-DFT) methods (25 was confirmed using X-and Q-band parallel-mode EPR spectroscopy (Fig. 2) . The spectra showed a six-line hyperfine splitting of A = 280 MHz (10.0 mT for X-band) at g = 8.08. Simulation of the X-band spectrum predicted the additional broad feature at g = 4.45 from the j1 ± > transition and the g = 8.08 signal from the j2 ± > transition, which are at energies of 2 cm −1 and 8 cm , and the simulations predicted the signal shape and intensities for spectra collected at both microwave frequencies using an S = 2 electronic spin, an I = 5/2 nuclear spin, and the parameters found in Table 2 . The signal intensity was in quantitative agreement with the sample concentration determined from the weight of the complex added to solvent. (Fig. 3) . The j±3/2> excited state doublet is 5.5 cm −1 higher in energy than the j±1/2> ground state doublet. A large E/D value of 0.264 was found, which is indicative of rhombic symmetry caused by a Jahn-Teller distortion that is expected for a Mn IV center in trigonal symmetry. Overlapping rhombic signals from each doublet result in complicated spectra with only the lower field resonances showing resolved hyperfine patterns. However, the data and simulations from spectra recorded at the two microwave frequencies (Fig. 3) allowed determination of the full 55 Mn hyperfine A tensor, to give the parameters listed in Table 2 55 Mn A tensor may not be collinear with the D tensor. Therefore, the simulations (Fig. 3) were generated using the spin-dipolar A tensor (+34 MHz, +11 MHz, −45 MHz; S = 3/2) from the DFT optimized structure while varying the isotropic Fermi contact term (A FC ) and the rotation angles of A relative to D. The principal components of the A tensor are given in Table 2 and the A tensor is rotated relative to the D tensor by 36°about the y axis. Fig. 4) . A simulation using the parameters given in Table 2 reproduced the position and shape of the signal, which are indicative of a transition from the j1 ± > doublet of an S = 1 spin manifold. Similar to the Mn III -oxo complex, the EPR signal for [Mn V H 3 buea(O)] is sensitive only to the z component of the g and A tensors, which is aligned with the Mn V -O bond. A fit to the temperature dependence of the EPR signal (Fig. S6 ) gave a D = +5.0(5) cm −1 , indicating that the j1 ± > doublet is 5.0 cm −1 above the ground j0> state.
Manganese-55 Fermi Contact Constants. The magnetic hyperfine tensor is the sum of three contributions, (26, 27) . Note that the sign of A FC cannot be determined from EPR spectroscopy, but the values are known to be negative for manganese species (28 Table 2 . Inset shows the broadening of a hyperfine line at 68 mT due to 17 O enrichment. Experimental conditions: temperature 10 K; frequency 33.906 GHz (Q), 9.298 GHz (X); and power 5 mW (Q), 20 mW (X). (Fig. 2, Inset) showed that all six hyperfine lines of the signal at g = 8. Values in parentheses are the errors associated with the measurement. *Only the absolute value of A is determined.
† Spin population (see text for explanation). ‡ A tensor rotated relative to D tensor by 36°about the y axis. The hyperfine pattern at g = 2.38 was not resolved, resulting in a larger uncertainty for A x . Fig. 3 . S-and X-band perpendicular-mode EPR spectra of the Mn IV -oxo complex, 30 mM in 1:1 DMF:THF. The black lines are simulation of the corresponding spectra using the parameters given in Table 2 . Experimental conditions: temperature 12 K; frequency 3.500 GHz (S), 9.642 GHz (X); and power 0.03 mW (S), 0.20 mW (X). A minor impurity occurs near g = 2.00 in both spectra. (Fig. 5) . Similar stretch-induced oxyl formation has also been observed in calculations of Fe IV = O systems and stems from the propensity of a free O 2− ion to lower its energy by ejecting an electron (33, 34) .
High-Valent Mn-oxo Site(s) Within the OEC. The premise that a Mn IV -oxyl species is formed in the S 4 state of the OEC implies that an oxido ligand instead of a manganese center is oxidized in going from S 3 to S 4 to give a radical oxyl species. Computational studies of the mechanism of the OEC have suggested a Mn IV -oxyl site as the key reactive species in O-O bond formation (Fig. 1C) (11) (12) (13) (14) (15) . Experimental support of such a species requires systems, like the synthetic complexes considered here, that can be studied without the interference of other paramagnetic species that are present in the OEC. Our analyses of the sequential oxidation of the [Mn Inset shows the broadening of a region of hyperfine lines due to 17 O enrichment. Experimental conditions: temperature 11 K, frequency 9.332 GHz, and power 20 mW. The simulation parameters are given in Table 2 . -oxo complex is produced with an S = 1 spin ground state. The observed spin density on the oxido ligand parallels the monotonic increase in the Mn-oxo bond covalency as the oxidation state increases. A high-spin Mn V -oxo site in S 4 is compatible with either mechanism outlined in Fig. 1 for the conversion of water to dioxygen within the OEC. Results from oxygen-17 labeling studies showed that the Mn-oxo unit becomes more electrophilic as the manganese center is oxidized, which would enhance its reactivity toward a nucleophile (Fig. 1B) . Furthermore, there is appreciable spin density on the oxido ligand in [Mn V H 3 buea(O)], suggesting that a high-spin Mn V -oxo could be involved in a radical coupling process (Fig. 1C) . For these reasons, we suggest that a high-spin Mn V -oxo center should also be considered a viable candidate for the high-valent site in S 4 and possible involvement in the formation of the O-O bond.
Materials and Methods
The complexes were prepared as previously described starting from the [Mn   III   H 3 buea(O)] 2− complex and using ferrocenium as the oxidant (19) (20) (21) . Oxygen-17 samples were prepared using H 2 17 O. The DFT calculations used the functional B3LYP and the basis set 6-311G within Gaussian 09. For details and descriptions of the experimental and computational methods and all spectral and computational data see SI Text.
